Abstract-In this paper, a simple and fast calibration algorithm is proposed for an active phased antenna array measurement of the amplitude and phase of all the antenna elements. Euler's numerical method is used to simultaneously measure and calibrate the array element's electric field and array factor. Each element's phase shifts are periodically varied with a reference state through a feedback to the amplitude and phase calibration units, and their variations are calculated and analyzed for signal calibration. The method is theoretically studied using numerical simulations providing accurate performance and a very low tolerance to errors. This method provides a multiple element far field calibration technique applicable to radar, satellite, and wireless communication.
INTRODUCTION
Recently, development in planar phased array antennas is equipped with electronic components varying with temperature change, drift over time, and aging effects, causing unwanted amplitude and phase errors in array elements [1] [2] [3] . Therefore, it is essential for the calibration of phased array to ascertain the amplitude and phase corrections for each element in order to attain the desired array performance. An active phased array antenna (APAA) as shown in Figure 1 consists of arrays of elements for transmitting and receiving radiation signals. The radiating elements are fed with one or more signals whose amplitude and phase determine the beam direction. The summation of the signals received with phase shifting and attenuation dictates the desired direction of the beam for each of the radiated signals [2] . Hence, to achieve maximum gain and phase for a phased array antenna, an accurate pointing of the beam of the phased array requires precise control of the amplitude and phase. Calibration is important in an active phased array antenna to compensate those amplitude and phase errors [4] . There are two categories of calibration methods, namely, single and multiple element measurement methods [1] . Researchers consider calibration techniques as an important tool in the online calibration of an active phased array antenna to establish phase and amplitude corrections for each array element in order to attain the original array performance [4] . In most single element calibration methods, antenna elements are analyzed with one by one measurement technique which are the rotating element electric field vector (REV) method proposed by Sorace [2] , the phase toggling method [8] , and the mutual coupling method [9] . The REV method exploits variation of the electric field when the phase shift of RF channel changes in the range of [0, 2π] [13]. Sorace's REV method requires the output power of the measurement probe measured with one element excitation evolving all phase states. The elements are excited in four orthogonal states with the phase of each element successively shifted from 0 • to 360 • to determine the amplitude and phase maximum likelihood algorithm of the elements [2] . An efficient calibration scheme using REV considers three different phase measurements at 45 • , 135 • , and 315 • relative to the initial reference state for each element reducing the total number of measurements to perform the calibration [10] .
A phase toggling method using element excitation calculates the difference value between two complex array signals measured when the phase of the element excitation is varied from 0 • to 180 • [8] . The geometric symmetry is very important when the measurement probe uses the antenna element next to the element being measured [9] . Multiple element measurements simultaneously calibrate a lot of elements in an array and are more efficient for large phased arrays with minimal time slot allocated to the calibration of the array antenna [1] . However, single measurement probe usually has fewer hardware facilities and simpler data processing algorithms than multiple element measurement techniques [11] [12] [13] [14] . Several methods have been proposed to calibrate receiver arrays at multiple element positions with planar near-field measurements and far-field radiation patterns measurement [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In [27] , a complex element field is varied with every phase shift of a digital phase shifter using higher order Fourier coefficients of array power response measured with the conventional rotating element electric field vector (REV) method. The use of antennas arrays for reconfigurability and wireless sensor improves the performances of communication systems when being combined with digital back end processing unit [28] [29] [30] .
The main challenge in multielement phase toggle (MEP) method is based on the number of elements calibrated in parallel, which are restricted by the bit number of the digital phase shifters. In practice, digitally controlled phase shifters are used to toggle elements phases causing amplitude and phase errors at every phase shift. These errors degrade the array performances in achieving an accurate beamforming phased arrays. Hence, it is necessary to obtain a complex element field at every phase shift and compensate for phase-to-phase variations. Therefore, numerous numerical iterations and optimizations are required to determine the corresponding element fields without an adequate guarantee that the solutions are always correct since all conventional techniques have drawbacks [27] .
In this proposed calibration technique, a series of successive phase shifts are analyzed for multiple antenna elements. At each phase shift, complex array signal variation is measured in a planar antenna array. The electric field and array are excited along the planar array antenna to achieve a beam pointing to the specified direction. The MEP method is proposed to achieve an efficient calibration of elements in a planar antenna array simultaneously using the Euler's numerical method. The rest of this paper is organized as follows. In Section 2, theoretical principle of the proposed method is presented showing the formulas used in the antenna element excitation. In Section 3, results and discussions are provided to examine the performance of the method. Finally, some conclusions are drawn in Section 4.
THEORY
This proposed calibration technique characterizes the amplitude and phase of the M × N antenna elements in a planar array using complex excitation of all elements in operation. A 2D planar array configuration is considered for all elements with proper element spacing. The receiving mode of the array is considered for the calibration of array signal measurements. Figure 1 shows a typical measurement configuration for an active phased array calibration system comprising multiple measurements with each antenna element connected to a digitally controlled phase shifter. The phase shifters are periodically modulated with the excitation of the electric field on each element and the phase shift changing from 0 to 180 • sequentially. In this measurement process, the element electric field of the M × N planar array arranged in a rectangular grid is expressed in Equations (1) and (2).
The electric fields errors are caused by the phase shifters (K) creating some transmitting variations different from others, where K is the maximum number of successive phase shifts set to the maximum number of phase states of the digital phase shifters. Equation (3) assumes a perfect phase and amplitude control of the element signal which is referred to as the reference state 0. The phase shifters are unlikely to give exact phase settings, hence a new phase setting is created and accompanied by a limited variation in the insertion loss. Therefore, the occurrence of the phase shifters imperfections affects the calibration process. The phase shifter errors and the quantity representing the complex signal imperfection of phase shifter are considered in Equations (4) and (5) . Statistically, the smallest final error will be attained if all phase states of a digital phase shifter are utilized [6] . The electric fields measured for all phase states in each element in the array are given as
where E[m, n] K is the reference electric field (complex), having directly measured electric field with the successive phase shift caused by the phase shifters. The elements under calibration (EUC) are s, t, which are caused by the effect of phase shifters as given in Equations (4) and (5),
From Equation (4) 
where k = 2π λ . Hence, inserting Equation (4) in Equation (6), the derived equation can be expressed as the superposition of the planar array factor given as
The second term on the right-hand side of Equations (9) and (10) represents s, t array factors generating AF scanned main beams all pointing in different directions due to the unique slope of applied phase shifters. The incremental phase shift errors, resulting from the phase shifters, are selected in such a way that there is a limited overlap. The array factor represents the contribution of the m, n not involved in the antenna array calibration, and s, t is the EUCs. The receiving antenna is placed in the far-field region of the active phased array antenna as illustrated in Figure 1 . The amplitude and phase of the array are calculated with the electric field and array factor of the EUCs in Equations (5) and (10), respectively.
Calibration Method
The calibration method proposed for the active phased antenna array is solved using Euler's numerical method on the error at receiving signals as illustrated in Figure 2 , at the calibration unit. The calibration uses a feedback from the reference antenna to calibrate the error signal using a simple numerical algorithm. This feedback allows real time comparison of the calibrated signal with the reference. The phase shifters are used to toggle elements phases causing amplitude and phase errors at every phase shift as illustrated in Equations (5) and (10) . The noise introduces an error vector on the right-hand side of Equations (5) and (10) on the s, t elements in the array. Euler's numerical method is used to generate the solution to state 0 of the reference active phased array antenna as illustrated below,
The complex signal tolerance is evaluated for h <= 0.01;
The algorithm represents the numerical method used to correct the errors with h representing error; x o and y o represent the original signal; x n represents the error signal while y n+o represents the corrected signal. x is the independent variable while y is the dependent variable. A low tolerance error is used to evaluate the algorithm. This is to ensure that the calibrated signal has amplitude and phase as close to the reference state as possible. Furthermore, to allow critical applications where very high antenna efficiency is required, this ensures that the calibration process will be effective as the error will be minimal. The low tolerance error chosen will save resources, time and money as it would take longer time for the calibration error to vary widely than a calibration process with higher tolerance error.
Error Model for the Phase Shifters
The digital phase shifters intervals for each element on the active phased antenna array are determined independently. The phase shifts gradually increase causing errors, since an increment correlates with a bit in the digital phase shifter. The total errors obtained from the effect of the phase shifters are expressed as the increment of each bit causing errors in amplitude and phase of the EUC. A simple error model is introduced allowing for the number of known and unknown variables according to Equations (5) and (10) . The number of bits could either be equal to or greater than 1 according to the numerical analysis applied. However, the unknown elements with error variations are identified along s, t in the planar array. Equation (3) assumes a perfect amplitude and phase of the active phased array antenna signal referred to as state 0. The phase shifters give an unlikely phase setting, which are compared with the signal variation. Hence, the existence of the phase shifter causes complex signal imperfection errors which affect the calibration process as described in Equations (5) and (10) . The EUC, when being switched to the phase state, is repeated several times to get all elements calibrated.
RESULTS AND DISCUSSION

Simulation
In this algorithm analysis, a 16-element planar antenna array is considered with the element spacing λ/2 both along x and y axes, although the element spacing can range from 0.5λ to 0.8λ. The algorithm considers the reference received signal at state 0 as shown in Figure 1 , illustrating the perfect active phased antenna array without the effect of phase shifters causing amplitude and phase errors. This simulation calibrates a large phased array with elements operating with 5-bit phase shifters connected to each element. The calibration results of the amplitude and phase errors derived from the phase shifters are analyzed for comparison. These phase shifters have a maximum variation relating to the reference state 0 for the amplitude and phase settings for each of the elements in the array.
This proposed calibration method depends on the amplitude and phase errors considered in the active phased array elements according to Equations (5) and (10) with comparison made through a feedback to the reference antenna for effective calibration. The calibration analysis evaluates three possible ways with respect to state 0 representing the perfect reference state, single, multiple and all elements calibration considering s, t as the imperfect elements in the array system.
Active Phased Array Antenna Calibration
The number of elements considered for simulation is 16, and state 0 reference state shows a perfect state for the antenna array without amplitude and phase errors as expressed in Equation (3) and illustrated in Figure 1 . The element spacing used for the planar array is considered as 0.5λ. Figure 2 illustrates the algorithm used to calibrate the array system. A dynamic approach is introduced in the simulation of the array element for calibration, by evaluating state 0 reference state to the signal variation.
In this calibration analysis, the 16 elements uniform planar antenna array is calibrated using 5-bit phase shifters. The calibration results and errors of the amplitude and phase estimations are analyzed for comparison as shown in Figure 3 - Figure 5 . Hence, the accuracy of the proposed calibration method depends on the phase imperfections consider in Equations (5) and (10) . This proposed calibration algorithm considers individual correction for each of the EUCs along with the phase shifts to achieve a perfect calibration. 
Discussions
The results of the single, multiple and all elements are compared in order to validate the efficiency of the proposed calibration algorithm, shown in Figure 3 - Figure 5 . This analysis is based on a direct estimation of the EUCs in the array. Figure 3 shows the results of a single element calibration in an array of 16 elements. Figures 3(a)-(d) illustrate the reference state 0, the single element with error as a result of the phase shifter, and the calibration of the EUC in the electric field and array factor, respectively. The EUC has element number 8 which suffers from amplitude and phase imperfections caused by the phase shifter attached to element 8 as shown in Figure 1 . The number of iterations required for correction of the error with respect to the reference state 0 is 12. Figure 4 considers 3 elements as EUCs for this calibration algorithm. The error variation of these 3 elements affects element numbers 1, 2 and 10 as a result of the phase shifters assigned to each of these elements in the array. Figures 4(a)-(d) show the calibration of the amplitude and phase of the electric field and array factor, respectively. The 3 elements considered for EUCs are calibrated within 39 iterations. Therewith, considering the entire 16 elements in the array for EUCs as shown in Figure 5 , the calibration time iteration requires 219. The proposed calibration technique for single, multielement and all element calibration is illustrated in Figure 3 creates a more accurate calibration technique relating the measurement of the signal to noise ratio experienced in the phase and amplitude deviation. Since the calibration time increases due to the complexity of the array system, it is essential to reduce the calibration time to make the beam steering system faster. Euler's calibration algorithm is faster, simpler and easier to integrate than previous algorithms, such as linear equation, Fast Fourier Transform, Inverse Fourier Transform, Discrete Fourier Transform and Harmonics as compared in Table 1 . 
CONCLUSION
This proposed calibration technique determines a complex element electric field and array factor at every phase shift of a digital phase shifter. The entire elements of the array can be calibrated simultaneously with a larger number of iterations revolving on the phase shifters. Short calibration times are of greater advantage when the array elements consist of a larger number of radiating elements. This novel Euler's calibration approach is designed for an active phased array antenna with a key characteristic of simultaneous calibration of all elements in a large array. The accuracy of this method is better than existing calibration methods relating the state 0 reference state to the error variation caused by the phase shifters, giving better flexibility to correct the phase shifters imperfection, enhancing the calibration accuracy of the active phased array antenna. The proposed calibration method is easily applied to an operating active phased array antenna with a significant calibration time applicable in radar, satellite and wireless communication systems.
